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In general, the rejection of NDMA and NMEA increased with decreasing membrane 25 permeability. The impact of membrane characteristics became less important for higher 26 molecular weight N-nitrosamines. Among the four LPRO membranes (i.e. ESPA2, LFC3, 27 TFC-HR and 70LW) that are commonly used for water reclamation applications, similar 28 rejections were obtained for NDMA (37-52%) and NMEA (69-82%). In addition, rejection 29 values of NDMA and NMEA among two LPRO membranes (i.e. ESPA2 and 70LW) were 30 almost identical when compared under variable permeate flux and feed temperature 31 conditions. However, it is noteworthy that the ESPAB membrane could achieve very high 32 rejection of NDMA (as high as 71%) despite having a similar permeability to the LPRO 33 membranes. Results reported here suggest that membrane characteristics associated with 34
Introduction

39
The occurrence of trace organic chemicals in reclaimed water has received significant 40 scientific attention in recent years due to the practice of augmenting drinking water resources 41 with reclaimed water by an increasing number of municipalities. These trace organic 42 chemicals are numerous and although they have only been found in secondary treated effluent 43 at very low concentrations (i.e. several tens of nanograms per litre or less) some might lead to 44 adverse impacts on public health [1] . N-nitrosamines, which are an increasingly regulated 45 group of disinfection by-products, are notable examples of these trace organic chemicals [1] . 46
In recent years, extensive research has been conducted to elucidate the fate and formation of 47 N-nitrosodimethylamine (NDMA) during water and wastewater treatment processes [2] [3] . In 48 addition to NDMA, N-nitrosomorpholine (NMOR) is also frequently found in treated 49
wastewater, and NMOR concentration of as high as 12.7 µg/L has been detected in the 50
wastewater from an industrial catchment [4] . Other N-nitrosamines that are often detected in 51 NDMA, NDEA and NDPA has also been established at 10 ng/L by the California Department 58 of Public Health [10] . 59
In response to increasingly stringent regulations on reclaimed water quality, reverse osmosis 60 (RO) treatment has been employed in most of the recent water reclamation systems intended 61 for potable reuse [11] . Because the salinity of municipal wastewater is significantly lower 62 than that of seawater, the so-called low pressure reverse osmosis (LPRO), and to a lesser 63 extent nanofiltration (NF), membranes could also be considered for these applications. These 64 membranes offer high separation performance but with a much lower applied pressure 65 compared to seawater reverse osmosis (SWRO) membranes [12] . LPRO whether the significant variation in the rejection of NDMA by LPRO membranes can also be 84 attributed to intrinsic differences in separation efficiency among the membranes. 85
The aim of this study was to evaluate the impact of membrane characteristics on N-86 nitrosamine rejection. This investigation was carried out with eight NF and RO membranes, 87 with a specific focus on LPRO membranes used for water reclamation applications. Eight N-nitrosamines with molecular weight in the range from 74 to 158 g/mol were used in 120 this study. Their molecular structures and molecular weights are summarised in Table 2 nitrosodi-n-butylamine-D9. These deuterated chemicals were supplied by CDN isotopes 127 (Pointe-Claire, Quebec, Canada). A surrogate stock solution was also prepared in pure 128 methanol at 100 µg/L of each deuterated N-nitrosamine. The stock solutions were always kept 129 at -18 ºC in the dark and were used within 1 month of preparation. Chemicals selected for 130 background electrolytes (NaCl, CaCl 2 and NaHCO 3 ) were also of analytical grade and were 131 supplied by Ajax Finechem (Taren Point, NSW, Australia). 132 
Filtration experiments
151
Prior to the experiment, each membrane sample was rinsed with a few litres of Milli-Q water 152 to remove any water soluble preservatives on surface. Each filtration experiment started with 153 a compaction step where the membrane was compacted at 1,800 kPa for at least 1 h using 154
Milli-Q water feed. The cross-flow velocity was maintained at 0.42 m/s during the 155 experiment. Unless otherwise stated, the feed temperature was maintained at 20±0.1 °C. After 156 the permeate flux stabilised, the feed pressure was adjusted to 1,000 kPa and pure water 157 permeability was measured using the feed pressure. Experiments with variable feed temperature started with low temperature (10 or 14 °C) and 169 the feed temperature was stepwise increased up to 40 °C. In each experiment, the filtration 170 system was operated for at least 1 h prior to any samplings to stabilise N-nitrosamine 171 rejections. Conductivity and pH were both measured using an Orion 4-Star Plus 172 pH/conductivity meter (Thermo scientific, USA). 173
N-nitrosamine analytical methods
174 N-nitrosamine concentrations in the permeate and feed samples were determined using a 175 previously developed analytical method consisting of solid phase extraction (SPE), gas 176 chromatography and determination using a mass spectrometer detector (GC/MS) [25] . Only a 177 brief summary of the procedure is described here. Supelclean TM Coconut Charcoal SPE 178 cartridge (2 g) purchased from Supelco (St Louis, MO, USA) was used for the SPE process. 179
The extraction of N-nitrosamines to a SPE cartridge was performed at a flow rate of less than 180 5 mL/min. After drying the SPE cartridge with a gentle high purity nitrogen gas stream, the 181 SPE cartridges were eluted using 12 mL dichloromethane. 
where L p is pure water permeability; ∆P is pressure difference between the feed and permeate 195 sides; σ is reflection coefficient; ∆π is osmotic pressure difference between the feed and 196 permeate sides; P s is solute permeability coefficient; ∆x is membrane thickness; similar molecular weights, charged and hydrophilic compounds could be better rejected than 243 hydrophobic compounds. This is because the apparent size of charged and hydrophilic 244 compounds becomes larger due to hydration once they are in an aqueous solution. On the 245 other hand, adsorption followed by diffusion could be a considerable transport mechanism for 246 hydrophobic compounds to permeate NF/RO membranes [32, 34] . It has also been reported 247 that compounds with higher dipole moments could have a lower rejection in comparison to 248 another compound of similar molecular size but with a lower dipole moment [33, 35] . 249 Nevertheless, the eight N-nitrosamines investigated here are neutral, quite hydrophilic and 250 have very similar dipole moment (Table 2 ) and thus molecule weight (rather than charge, 251 hydrophobicity, and dipole moment) appears to be the most important parameter when 252 evaluating the rejection of N-nitrosamines by NF/RO membranes. and NMEA rejection observed here is currently unknown and is the subject for a future study. 269
Results and discussion
N-nitrosamine rejection by NF/RO membranes
In the surface force-pore flow model, membrane permeability (L p ) increases with increasing 270 membrane pore size (r p ) and with decreasing the thickness of the membrane active layer (∆x) 271 as described with the Hagen-Poiseuille equation [36] [37] . 272
where A k is membrane porosity; and µ is viscosity of water. Because the changes in 274 membrane pore size and the thickness of the membrane active layer also affect solute 275 rejection [37] , it can be hypothesized that the variation in NDMA and NMEA rejection by 276 these NF/RO membranes is associated with the difference in the properties (i.e. r p and ∆x) of 277 these membranes. 278 NPYR, NPIP, NMOR, NDPA and NDBA were excluded from the modelling because some 300 of their permeate concentrations were below their analytical detection limits. The reflection 301 coefficient (σ) of all N-nitrosamines was generally high (>0.9) (Table 3) which is consistent 302 with a previous study using the TFC-HR membrane [18] . These observations suggest that 303 these LPRO membranes may be comparable in terms of N-nitrosamine rejection even in 304 different permeate flux conditions. 305 306 
3.2.
279
Effects of filtration conditions
Conclusions
329
The rejection of NDMA by NF/RO membranes varied significantly in the range of 8-82% 330 depending on the membrane and operating conditions. The impact of membrane 331 characteristics was less apparent for higher molecular weight N-nitrosamines and the 332 rejection of NPYR, NMOR, NDPA and NDBA were over 90% by any of the tested RO 333 membranes. Using these NF/RO membranes, a correlation was found between membrane 334 permeability and the rejection of low molecular weight N-nitrosamines (i.e. NDMA and 335 NMEA). The variation in NDMA and NMEA rejections among the LPRO membranes 336 frequently used for water reclamation applications (i.e. ESPA2, LFC3, TFC-HR and 70LW) 337 was relatively small, at 37-52% and 69-82%, respectively. However, a high rejection of 338 NDMA (71%) and NMEA (91%) was obtained with the ESPAB membrane which is also an 339 LPRO membrane but is specifically designed for the removal of boron. Results reported here 340 suggest the potential of using boron removal LPRO membranes (i. 
